Objective: A minimally conscious state (MCS) is characterized by discernible behavioral evidence of consciousness that cannot be reproduced consistently. This condition is highly challenging to treat. Recent studies have demonstrated the potential therapeutic effect of non-invasive brain stimulation in patients with MCS. In one patient in an MCS, we delivered simultaneous transcranial direct current stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS) based on an individual brain network analysis and evaluated the therapeutic effect.
Objective: A minimally conscious state (MCS) is characterized by discernible behavioral evidence of consciousness that cannot be reproduced consistently. This condition is highly challenging to treat. Recent studies have demonstrated the potential therapeutic effect of non-invasive brain stimulation in patients with MCS. In one patient in an MCS, we delivered simultaneous transcranial direct current stimulation (tDCS) and repetitive transcranial magnetic stimulation (rTMS) based on an individual brain network analysis and evaluated the therapeutic effect.
Methods:
The directional transfer function (DTF) was calculated based on electroencephalograph (EEG) analysis. Global brain connectivity was calculated based on functional magnetic resonance imaging (fMRI) analysis. By referring to the EEG and fMRI results, we identified inferior parietal lobes (IPLs) as targets. In the 2-week treatment period, 14 sessions were applied to the identified bilateral parietal regions. Simultaneous 1.5-mA anodal tDCS and 5-Hz rTMS were delivered for 20 min per hemisphere in each session. Clinical evaluation scores were recorded weekly throughout the treatment. A second patient given the routine treatment was evaluated as a control.
Results:
The clinical scores of patient 1 with MCS improved after 2 weeks of stimulation treatment, and the effect lasted for up to 1 month. EEG analysis showed a significant
INTRODUCTION
A minimally conscious state (MCS) is characterized by discernible behavioral evidence of consciousness that cannot be reproduced consistently (Giacino et al., 2002 ). An MCS may result from degenerative nervous system disorders or evolve from a coma or vegetative state (VS). In MCS patients, integrated cortical functions are retained but undersustained. MCS is a highly challenging clinical condition to treat. Notably, recent studies have demonstrated the potential therapeutic effect of non-invasive brain stimulation (NIBS) in patients with MCS.
Repetitive transcranial magnetic stimulation (rTMS) and transcranial direct current stimulation (tDCS) are two NIBS techniques that have been developed in the past decades. Highfrequency rTMS can decrease GABAergic activity and decrease synaptic transmission through a long-term potentiation-like mechanism (Lefaucheur et al., 2014) . Anodal tDCS can change the resting membrane potential by influencing ion channels and gradients, thus increasing cortical excitability (Lefaucheur et al., 2017) . These techniques have recently been employed independently in the treatment of MCS and have shown some inspiring beneficial results.
Several studies have shown that priming stimulation can alter the effect of a test stimulation on cortical excitability. Nitsche et al. (2007) found that cortical excitability was higher with simultaneous anodal tDCS and single-pulse TMS than with anodal tDCS alone. We hypothesized that a protocol of simultaneous anodal tDCS and high-frequency rTMS would produce an enhanced excitatory effect. The actual background network activity was predicted to boost the expected effect of rTMS (Muller-Dahlhaus and Ziemann, 2015) .
To maximize the benefit of NIBS treatment in a patient with MCS, we designed a simultaneous stimulation protocol based on an individual brain network analysis. We identified stimulation targets and evaluated therapeutic effects by analyzing functional connections based on scalp electroencephalography (EEG) and functional magnetic resonance imaging (fMRI). As a control, we also evaluated another patient with similar structural damage who did not receive stimulation.
MATERIALS AND METHODS

Patients
Patient 1 was diagnosed with MCS according to the Coma Recovery Scale-Revised (CRS-R) (Giacino et al., 2004) due to brain stem hemorrhage 1 month prior. The patient could blink his eyes and move after stimulus, but could not consistently move to auditory command. His eyes could move from the initial target to a new target for more than 2 s. There was not any vocalization or oromotor movement. There was some discernable non-verbal communication response. On neurological examination, the pupils were equal in size and reactive to light. Corneal reflexes and gag reflexes were bilaterally present. The Babinski sign was positive bilaterally. Brain magnetic resonance imaging (MRI) showed subacute hemorrhage in the pons, left cerebral peduncle, and brachium pontis. Before stimulation, the patient's CRS-R score was 10 points based on auditory function (3), visual function (2), motor function (3), verbal function (0), communication (1), and arousal (1) criteria. The Glasgow Coma Scale (GCS) score was 10 based on eye (3), verbal (1), and motor (6) criteria. The Full Outline of UnResponsiveness (FOUR) score was 15 points. The Coma/Near Coma Scale (CNC) score was 18 points. The patient received gangliosides, ambroxol, imipenem, valsartan, captopril, and enteral nutritional suspension. The demographics, clinical data, and EEG analysis results of patient 1 are shown in detail in Table 1 .
Patient 2 was diagnosed with coma due to brain stem hemorrhage 1 week prior. At baseline, the patient did not respond well to stimulus except for some withdraw movement to pain stimulus and avoidance to light stimulus. On neurological examination, the pupils were equal in size and slowly reactive to light. The corneal reflex was present on the left but diminished on the right. The Doll's head eye phenomenon was not present. The Babinski sign was positive on the right side. Brain computed tomography (CT) showed hemorrhage in the mid brain and pons. At the baseline, the patient's CRS-R score was 3 points based on auditory function (0), visual function (1), motor function (2), verbal function (0), communication (0), and arousal (0) criteria. The GCS score was 6 based on eye (1), verbal (1), and motor (4) criteria. The 
EEG Analysis
EEG analysis was performed based on 1-h 32-channel scalp EEG data. The EEG signals were offline low-pass-filtered (100 Hz) and notch-filtered (49-51 Hz) and baseline correction was performed though polynomial fitting. Eye movements and significant muscle artifacts were also excluded with Automatic Artifact Removal toolbox (Gómez-Herrero, 2007) . The signalto-noise ratio (SNR) of the signal in channel i is defined as:
, where σ signal(i) denotes the standard deviation of the EEG signal in channel i and σ noise denotes the standard deviation of the noise signal. The noise signal is estimated using the standard deviation of the pre interval (Zhang et al., 2016) . The SNRs of the signals among channels after preprocessing ranged from 7 to 10, therefore ensuring the robustness of the following causality analysis (Fasoula et al., 2013) . In the framework of the multivariate autoregressive (MVAR) model, multichannel EEGs can be described as a data vector X of N source signals:
The MVAR model can then be constructed as follows:
where E(t) is a vector of multivariate zero-mean uncorrelated white noise at time t, A n is an N × N matrix of the model coefficients, and p is the model order. In the present study, the model order was calculated though the ARFIT package in eConnectome toolbox (Supplementary Table 1 ). As order selection criteria, ARFIT computes approximations to Schwarz's Bayesian Criterion (SBC) and to the logarithm of Akaike's Final Prediction Error ). The MVAR model was then transformed into the frequency domain:
where f denotes a specific frequency and the H(f ) matrix is the transfer matrix defined as follows:
where I is an identity matrix. The directional transfer function (DTF) is defined by the elements of the transfer matrix H ij as follows:
where γ ij (f ) expresses the ratio between inflow from node j to node i and all inflows to node i, and N is the number of nodes.
Once the causal interactions from the DTF calculation for the analyzed epoch were obtained, statistical significance testing was performed to remove the links that formed spurious interactions between EEG channels. A surrogate data method was applied to each analyzed epoch in which the temporal correlation between the EEG channels was destroyed. The shuffling and connectivity estimation procedures were repeated a certain number of times (e.g., 1,000), yielding a distribution of the DTF values under the null hypothesis that no connectivity exists. Based on this empirical distribution, the critical value of significance was set at p < 0.05. The statistical assessment procedure was implemented for connectivity estimation to obtain real causal interactions. The DTF values among EEGs were calculated and converted into a DTF matrix (Wilke et al., 2011; Zhang et al., 2016) . The DTF value is a function of frequency, which covers the major MCS rhythms. Therefore, the mean value of all the elements in the DTF matrix (DTF mean ) is a direct measurement of functional connectivity strength among EEGs. The results of the DTF values across different ranges have been added in the Supplementary Materials (Supplementary Figure 1) .
fMRI Analysis
For fMRI analysis, we used a global brain connectivity (GBC) method (Cole et al., 2012; Wang et al., 2016) to characterize the averaged connectivity of each voxel to the rest of the voxels in the default mode network (DMN) or executive control network (ECN), which were defined from Yeo et al. (2011) . The GBC method was performed by calculating the functional connectivity (i.e., correlation) of a voxel in the DMN or ECN to the rest of the voxels, one by one, and the functional connectivity was then averaged as the connectivity of each voxel to produce a GBC value. This method takes advantage of characterizing overall functional connectivity with voxelwise resolution, enabling us to examine the impairment of each network's functional connectivity in one patient.
Target Identification
Compared to eight healthy controls, patient 1 presented a significant decrease in the DTF value in gamma frequency in the bilateral posterior regions, as shown in Figure 1 . These 15 decreased electrodes included bilateral occipital (O1, O2, Oz in 10-20 International Electrode System), parieto-occipital (PO3, PO4), parietal (P3, P4, Pz), centro-parietal (CP1, CP2), central (C3, C4), posterior temporal (T5, T6), and right centro-temporal (CP6) regions. In resting fMRI analysis, we found a profound visual decrease in brain functional connectivity in regions of the DMN, including the inferior parietal lobe (IPL), posterior cingulate cortex (PCC), and mesiofrontal region (MFR), as well as regions of the ECN, including the dorsolateral prefrontal cortex (DLPFC), as shown in Figure 2 . Herwig et al. (2003) studied the corresponding cortical sites of the 10-20 International Electrode System using neuronavigation and found that targeting P3 mainly reached BA 40 and to a lesser extent BA 7 in the inferior part of the parietal lobe. Therefore, to better cover common regions identified by EEG and fMRI, we identified bilateral parietal regions (P3 and P4) as anodal tDCS targets and contralateral temporal regions (T4 and T3) as cathodal tDCS targets, and P3 and P4 as high-frequency TMS targets. Figure 3 shows these targets in the individual head model. The electric field distribution in the brain was simulated using SimNIBS 2.1.1 software (Thielscher et al., 2015) . The simulation was generated based on the template head model included in the software package. We simulated the electric field distribution of the anode at P4 with the cathode at Fp1 and the anode at P4 with T3. The simulated electric field was more restricted when the anode is P4 and the cathode is T3. We also simulated the magnetic field when the target was set at P4. The simulated magnetic field and electric field were consistent.
Stimulation Protocol
For patient 1, the 14 sessions of simultaneous anodal tDCS and high-frequency rTMS were delivered over the course of 2 weeks, and a clinical evaluation was performed weekly throughout the course of treatment. Both electrical and magnetic stimulation were delivered using an Electromagnetic Stimulator (Yunshen Technology Limited Company, Beijing, China). Direct current was delivered by a pair of saline-soaked silver cloth-wrapped sponge electrodes (thickness, 0.4 cm; area of electrode, 7 cm 2 , Greentek, Pty Ltd., China). rTMS was delivered through a circular coil (diameter, 74 mm; peak magnetic field, 2.0 Tesla). Forty minutes of stimulation (20 min for each hemisphere) were given per day. For the 20-min treatment on the right hemisphere, anodal tDCS was delivered over P4, and cathodal tDCS was delivered over T3. Meanwhile, 5 Hz rTMS was delivered precisely over the anodal electrode at P4. The current was ramped up to 1.5 mA (for 10 s) from the onset of stimulation, applied for 20 min, and ramped down to 0 mA (for 10 s). One rTMS train consisted of 25 pulses delivered at 5 Hz, with an intertrain interval of 55 s. In a single session, 500 pulses (20 rTMS trains) were delivered for 20 min. The strength of the stimulation was 70% of the resting motor threshold (RMT). Then, for the next 20-min treatment on the left hemisphere, anodal tDCS was delivered over P3, and cathodal tDCS was delivered over T4. Meanwhile, 5 Hz rTMS was delivered precisely over the anodal electrode at P3.
RESULTS
Clinical Assessments
During stimulation treatment, patient 1 could move to acoustic command consistently, and his eyes could open and track after verbal prompt. After stimulation, the patient improved gradually. He could recognize objects and could give consistent behavioral response to verbal prompt. The patient could spontaneously open eyes, track and fix, and could open mouth when a spoon is near. The patient had discernable non-verbal communication response. The physical examinations did not change throughout the study. The patient was evaluated on a weekly basis through these four scales. At the end of the stimulation treatment period, the CRS-R, GCS, FOUR, and CNC were 12, 10, 16, and 12 points, respectively. At 1 week after treatment, the CRS-R, GCS, FOUR, and CNC were 14, 10, 16, and 2, respectively. At 1 month after treatment, the CRS-R, GCS, FOUR, and CNC were 19, 11, 16, and 0, respectively, as shown in Figure 4A and Table 2 . Further analysis of subscales of the CRS-R score in patient 1 showed that the arousal and auditory functions were the first to show improvement during stimulation ( Figure 4B) . Then, communication improved. Finally, visual function and motor function improved after stimulation treatment was completed.
Patient 2 was provided with routine treatment (without stimulation) and did not show much clinical improvement. The patient could not avoid light stimuli like before. The physical examinations did not change throughout the study. The patient was also evaluated on a weekly basis through these four scales. At 1 week, the CRS-R, GCS, FOUR, and CNC were 3, 5, 5, and 22, respectively. At 2 weeks, the CRS-R, GCS, FOUR, and CNC were 4, 6, 5, and 26, respectively, as shown in Figure 4C and Table 2 .
Brain Network Analysis Based on EEG
Patient 1 exhibited a significantly lower DTF value in the gamma frequency in the bilateral posterior regions than healthy controls, as shown in Figure 1 . Fifteen electrodes, which included O1, O2, Oz, PO3, PO4, P3, P4, Pz, CP1, CP2, C3, C4, T5, T6, and CP6, showed significantly reduced DTF values ( * * * p < 0.001, t-test/Wilcoxon's rank sum test) compared to those regions in healthy controls. After 2 weeks of stimulation, EEG analysis showed a significant increase in DTF in the gamma frequency in 12 electrodes ( * * * p < 0.001) from before treatment. These 12 electrodes included F3, FC5, CP1, CP2, T5, P3, Pz, P4, PO4, O1, Oz, and O2.
In patient 2, at baseline, EEG analysis showed a significantly lower DTF value in the gamma frequency in the bilateral posterior regions than in controls, as shown in Figure 5 . Eight electrodes, including F4, FC1, Cz, P3, Pz, P4, PO4, and CP6, showed significantly reduced DTF values ( * * * p < 0.001). After 2 weeks of routine treatment, EEG analysis showed a significant increase in DTF in gamma frequency in four electrodes (p = 0.021) from baseline. These four electrodes included FC6, Cz, P3, and T5.
Brain Network Analysis Based on fMRI
In patient 1, the DMN identified by baseline fMRI showed decreased activity in the IPL, PCC, and MFR (shown in Figure 2 ) compared to that in healthy controls. After stimulation treatment, there was a trend toward a normalization of IPL and PCC activity due to an increase in activity. The ECN identified by baseline fMRI showed decreased activity in the DLPFC (shown in Figure 2 ) compared to that in healthy controls. After stimulation treatment, there was no trend toward a normalization of DLPFC activity or increased activity.
DISCUSSION
This is an exploratory study in which an MCS patient received simultaneous tDCS and rTMS treatment based on brain network analysis of both EEG and fMRI. rTMS with 5-20 Hz and 90-100% of RMT and tDCS with 1-2 mA have been commonly utilized in previous studies (Lefaucheur et al., 2014 (Lefaucheur et al., , 2017 . We utilized rTMS with 5 Hz and 70% of the RMT, and tDCS with 1.5 mA for safety and tolerability consideration. During stimulation, the MCS patient tolerated intervention well FIGURE 3 | The locations of the rTMS and tDCS targets in a head model of patient 1. The yellow circle denotes the anode electrode over P3 or P4. The green circle denotes the cathode electrode over T3 or T4. The red lightning mark denotes the rTMS site over P3 or P4. For the 20-min treatment on the right hemisphere, the anodal tDCS was delivered over P4, and the cathodal tDCS was delivered over T3. Meanwhile, 5-Hz rTMS was delivered precisely over the anodal electrode at P4. Then, for the next 20-min treatment on the left hemisphere, the anodal tDCS was delivered over P3, and the cathodal tDCS was delivered over T4. Meanwhile, 5-Hz rTMS was delivered precisely over the anodal electrode at P3. rTMS, repetitive transcranial magnetic stimulation; tDCS, transcranial direct current stimulation; fMRI, functional magnetic resonance imaging; IPL, inferior parietal lobe; PCC, posterior cingulate cortex; MFR, mesiofrontal region. without displaying irritability and aggressiveness during head positioning or TMS/tDCS delivery. Clinical assessment showed improvement in the MCS patient. Another patient with similar structural damage was evaluated as a control and did not show much clinical improvement. Moreover, brain network analysis based on EEG and fMRI played important roles in this study. First, these tools were used to identify stimulation targets, potentially leading to more precise modulation. In addition, post-treatment analysis of the brain network was used to evaluate the treatment effect. We speculate that brain network-guided simultaneous tDCS and rTMS could be a promising treatment strategy for MCS.
IPL Modulation Helps Treat MCS
The stimulation target chosen in this study was the bilateral IPL based on combined functional and electrophysiological datasets. In patient 1, there was a significant decrease in the DTF value in the bilateral centro-parieto-occipital regions identified by EEG analysis and decreased activity in the IPLs identified by fMRI analysis. After stimulation treatment, the patient achieved obvious improvement in clinical assessment and increased activity in bilateral IPLs. The IPL is involved in the DMN, which is related to self-awareness (Greicius et al., 2003; Tian et al., 2007) and shows decreased brain activity during loss of consciousness . Positron emission computed tomography studies have shown that neuronal activity in DMN regions increases upon recovery from VS (Laureys et al., 2006) . Vanhaudenhuyse et al. (2010) observed a correlation between DMN integrity and the level of consciousness. Their group found that the DMN integrity decreased when descending from normal consciousness to MCS, VS, and coma, and the authors suggested that the connective strength of the PCC within the DMN can distinguish between VS and MCS patients. The functional connections within the DMN in MCS may reflect the chance of recovery. Different connectivity patterns could influence the efficacy of tDCS in MCS patients (Cavaliere et al., 2016) . The re-establishment of functional connections within DMN regions may reflect the recovery of consciousness (Laureys et al., 2005) .
However, in a literature review, previously reported targets are mostly in the DLPFC, motor cortex, orbitofrontal cortex, or a parieto-occipital region (Lefaucheur et al., 2014 (Lefaucheur et al., , 2017 , rather than the IPL. The DLPFC is involved in the functional ECN, which is related to external awareness (D'Esposito et al., 1998; Lieberman, 2007) . In addition to the DMN, the ECN has also been demonstrated to be altered in disorders of consciousness (Vanhaudenhuyse et al., 2011; Crone et al., 2014) and restored with the recovery of consciousness (Laureys and Schiff, 2012) . In our study, we further analyzed the ECN in patient 1 and found decreased activity in the bilateral DLPFC when compared with that in healthy controls. Therefore, we suspected that the patient may also benefit from stimulation over the DLPFC.
The DMN and ECN are anticorrelated to each other under normal physiological conditions. However, these two networks are hypoactivated in patients with MCS in our study, potentially reflecting a reduction in the anticorrelation. The anticorrelated pattern has been shown to be of functional importance to the state of consciousness. The dynamics of the anticorrelation between the ECN and DMN during MCS have not been well-clarified. Heine et al. (2012) suspected that the anticorrelation generally diminishes or even disappears during conditions of altered consciousness. A stronger anticorrelation between the ECN and DMN has been shown to potentially reflect a better capacity to switch between internal and external modes of attention, which is necessary for maintaining conscious awareness (Leech et al., 2011; Di Perri et al., 2016) . Anatomically, the superior longitudinal fascicle (SLF) connects the parietal cortex with the frontal cortex, and SLF II shows a strong connectivity to the DLPFC from the IPL (Parlatini et al., 2017) . These results probably explain the accordant effect of excitatory stimulation of either the IPL or DLPFC, although further evidence is warranted.
The Synergistic Effect of tDCS and rTMS
In previous studies, the efficacy of NIBS for MCS has been mild to moderate and variable in patients. A study explored the effect of high-frequency rTMS over the motor cortex in six patients with MCS or VS and found reappearance of fast activity and an increase in slow activity upon EEG analysis and behavioral changes in one patient with MCS (Manganotti et al., 2013) . A case series trial found that patients with MCS can benefit from anodal tDCS over the left DLPFC (Angelakis et al., 2014) . Three randomized controlled trials of tDCS in patients with MCS showed moderately improved recovery of signs of consciousness after anodal tDCS over the left DLPFC (Thibaut et al., 2014 (Thibaut et al., , 2017 Martens et al., 2018) . In this study, a simultaneous combination of tDCS and rTMS was explored. The patient showed a clinical improvement and a trend toward a normalization of functional connectivity. We speculate that the simultaneous tDCS and rTMS protocol produces beneficial synergistic effects, although we can only speculate on the underlying cellular and molecular mechanisms of these synergistic effects. A candidate mechanism might be the consolidation of long-term potentiation by protein synthesis and gene transcription (Muller-Dahlhaus and Ziemann, 2015) . Muller-Dahlhaus and Ziemann (2015) found that either non-homeostatic metaplasticity or homeostatic metaplasticity occurred depending on successive NIBS protocols. Non-homeostatic metaplasticity can increase NIBS-induced aftereffects on cortical excitability. We speculate that nonhomeostatic metaplasticity also prevailed when tDCS and rTMS were delivered simultaneously. The non-homeostatic metaplasticity may be explained by the assumption that tDCS and TMS activate neuronal circuits without a significant physiological interaction; therefore, the resulting effect reflects an arithmetic summation of the electrical and magnetic effects (Nitsche et al., 2007) .
Limitations
This is a preliminary two-case study. The patient with stimulation was in an MCS, and whether this treatment can be used in patients with other disorders of consciousness needs to be further explored. A well-designed large randomized controlled study needs to be conducted in the future. Additionally, patient 2 was not in precisely the same medical condition as patient 1. Patient 2 had coma and was enrolled in the study 1 week after stroke. All clinical scores showed a more severe condition than in patient 1. These factors likely contributed to the limited clinical improvement. More homogeneous cases need to be studied in the future, although the homogeneity of the cases may be difficult to control.
CONCLUSION
This study suggests that EEG and fMRI analysis can be used to picture the brain network, identify stimulation targets, and evaluate treatment efficacy. Large clinical trials need to be conducted to test the efficacy of repeated simultaneous tDCS and rTMS in MCS patients.
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